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SUMMARY

The Svalbard archipelago, Norway, is affected by both the present-day ice melting (PDIM)
and Glacial Isostatic Adjustment (GIA) subsequent to the Last Pleistocene deglaciation. The
induced deformation of the Earth is observed by using different techniques. At the Geodetic
Observatory in Ny-Alesund, precise positioning measurements have been collected since 1991,
a superconducting gravimeter (SG) has been installed in 1999, and six campaigns of absolute
gravity (AG) measurements were performed between 1998 and 2007. Moreover, the Gravity
Recovery and Climate Experiment (GRACE) satellite mission provides the time variation of
the Earth gravity field since 2002. The goal of this paper is to estimate the present rate of
ice melting by combining geodetic observations of the gravity variation and uplift rate with
geophysical modelling of both the GIA and Earth’s response to the PDIM. We estimate the
secular gravity variation by superimposing the SG series with the six AG measurements. We
collect published estimates of the vertical velocity based on GPS and VLBI data. We analyse
the GRACE solutions provided by three groups (CSR, GFZ, GRGS). The crux of the problem
lies in the separation of the contributions from the GIA and PDIM to the Earth’s deformation.
To account for the GIA, we compute the response of viscoelastic Earth models having different
radial structures of mantle viscosity to the deglaciation histories included in the models ICE-
3G or ICE-5G. To account for the effect of PDIM, we compute the deformation of an elastic
Earth model for six models of ice-melting extension and rates. Errors in the gravity variation
and vertical velocity are estimated by taking into account the measurement uncertainties and
the variability of the GRACE solutions and GIA and PDIM models. The ground observations
agree with models that involve a current ice loss of 25 km? water equivalent yr~! over Svalbard,
whereas the space observations give a value in the interval [5, 18] km® water equivalent yr~!.
A better modelling of the PDIM, which would include the precise topography of the glaciers
and altitude-dependency of ice melting, is necessary to decrease the discrepancy between the
two estimates.

Key words: Satellite geodesy; Time variable gravity; Global change from geodesy; Arctic
region.

1 INTRODUCTION

The Svalbard archipelago, Norway, is affected by the post-glacial
rebound, or Glacial Isostatic Adjustment (GIA), subsequent to the
last Pleistocene deglaciation that started 21 000 years ago and ended
10000 years ago. Moreover, most of the ice sheets in Svalbard
(36 000 km?) are presently thinning (Kohler et al. 2007; Dowdeswell
et al. 2008; Kédb 2008; Nuth et al. 2010). Both the last deglaciation
and present-day ice melting (PDIM) induce deformation of the
Earth. These two effects make Svalbard a very interesting zone to
study to better understand the geodetic consequences of ice melting
at different timescales.

For many years (from 12 to 18 years), positioning observations
with different systems (GPS, VLBI, DORIS) have been collected

© 2011 The Authors
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at the Geodetic Observatory in Ny-Alesund, Svalbard (e.g. Sato
et al. 2006; Kierulf et al. 2009a). Kierulf ef al. (2009b) study the
ground velocity and find that a predicted melting rate of 37 cm
water equivalent yr~! (we yr~!) explains up to 60 per cent of their
observed uplift, which is 8.2 £ 0.9 mmyr~' in ITRF2005. They
attribute the remaining 40 per cent to imperfect modelling and er-
rors in determining the secular rate from observations. Since 1999,
a superconducting gravimeter (SG) has been continuously record-
ing the gravity changes and, from 1998 to 2007, six campaigns
of absolute gravity (AG) measurements were performed at the SG
station, which also contributes to the Global Geodynamics Project
(Crossley et al. 1999). Sato et al. (2006), who were interested in
the secular geodetic variations, concluded from the first four AG
measurements and observed uplift rate that an ice melting rate of
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75 cm we yr~! would explain the ground vertical velocity but only
half of the gravity rate.

Since its launch in 2002, the Gravity Recovery and Climate Ex-
periment (GRACE) satellite mission has provided a global map-
ping of the time-varying gravity field of the Earth. These satel-
lite gravimetry data have been used for the estimation of the ice-
mass balance over ice-covered lands of various extension, such as
Greenland, Antarctica (e.g. Chen et al. 2006¢; Luthcke et al. 2006;
Velicogna & Wahr 2006a; Velicogna & Wahr 2006b), Alaska and
Patagonia (Tamisiea et al. 2005; Chen et al. 2006a; Chen et al. 2007,
Luthcke ef al. 2008). Their areas are respectively 12 x 10 km?,
1.7 x 10° km?, 90 000 km? and 17 000 km?. Rodell & Famiglietti
(1999) compared the modelled variation of water storage to the ex-
pected uncertainty associated to the estimate of that variation from
future GRACE observations. They concluded that 200 000 km? is
the smallest area for which it will be possible to detect seasonal and
annual changes. Rodell & Famiglietti (2001) later showed that the
seasonal and annual changes of the smaller Illinois basin (United
States, 145 800 km?) could be partly—up to 50 per cent—detected
by the GRACE mission. However, in spite of the size of the Alaskan
and Patagonian ice sheets, which are smaller than the Illinois basin,
the GRACE data have revealed a large signal over these regions that
has been associated with ice-mass loss of, respectively, 97 4+ 13
and 28 km® we yr~!. These values agree with the estimates of ice-
mass change derived from glaciology studies (Tamisiea ez al. 2005;
Chen et al. 2007; Luthcke et al. 2008). The size of the ice-covered
area of the Svalbard archipelago being intermediate between those
of Alaska and Patagonia, a sufficiently large amount of ice mass
variation over Svalbard can be observed with the GRACE satellites.
According to the latest elevation changes provided by ICESat laser
altimetry (Moholdt et al. 2010b), the average water equivalent bal-
ance of Svalbard is —12 £ 4 cm we yr~'. The ocean that surrounds
Svalbard slightly contributes to the gravimetric signal, from 0.8 4
0.8 to 1.9 + 0.1 mm weyr~! (see Quinn & Ponte 2010, for a re-
view). Because the GRACE signal over Svalbard is approximately
60 times larger, most of it can be attributed to land-mass changes.

We aim at providing new estimates of the PDIM over Svalbard.
To do so, we have at our disposal updated gravity and precise posi-
tioning measurements at the Ny-Alesund Geodetic Observatory, as
well as time-series of the Earth gravity field provided by the GRACE
satellite. To separate the GIA signal from the signal coming from
PDIM requires both phenomena to be modelled.

The outline of the paper goes as follows. In Section 2, we analyse
ground and satellite observations to estimate the gravity variation
and ground vertical velocity over Svalbard. In Section 2.1, we first
derive the secular variation of gravity using six AG observations.
We also calibrate the SG by superimposing its nine-year series and
the AG-derived trend. In Section 2.2, we analyse up to 6 years
(2003-2009) of GRACE solutions. By considering solutions pro-
vided by different centres [Center for Space Research (CSR), Geo-
ForschungsZentrum (GFZ) and Groupe de Recherche en Géodésie
Spatiale (GRGS)] and different lengths for the time-series (5 or
6 yr), we provide uncertainties to the gravity variation observed by
the GRACE satellites. In Section 2.3, we collect uplift rates found in
the literature, they are obtained from GPS and VLBI observations.
Next, in Section 3, we model the Earth response to ice melting.
We successively consider the ground and space gravity variations
in Sections 3.1 and 3.2, respectively. We use the SELEN software
developed by Spada & Stocchi (2007) to compute the response of a
viscoelastic earth model to the past deglaciation history included in
the model ICE-3G (Tushingham & Peltier 1991). To take the PDIM
into account, we compute the ground velocity and gravity rate of an

elastic earth model for two models of ice-thinning extension suc-
cessively combined with three ice-thinning rates. In Section 4, we
compare the modelled gravity variation and vertical velocity result-
ing from both the PDIM and GIA to the observed gravity variation
and uplift rate. We consider ground observations in Section 4.1 and
GRACE observations in Section 4.2. In Section 5, we discuss var-
ious estimates of ice-volume changes. Finally, we summarize our
work in Section 6.

2 OBSERVATIONS OF GRAVITY
VARIATION AND VERTICAL MOTION

2.1 Ground gravity measurements

A total of six observations with FG5 absolute gravimeters have
been made between 1998 and 2007 at the Ny-Alesund SG station.
Three European institutes participated in the gravity observations:
the Bundesamt fuer Kartographie and Geodaesie (BKG, Frankfurt,
Germany), Ecole et Observatoire des Sciences de la Terre (EOST,
Strasbourg, France) and European Center for Geodynamics and
Seismology (ECGS, Walferdange, G.-D. Luxembourg). Four of the
six observations (1998-2002) were reported in the paper by Sato
et al. (2006). For each measurement, the gravity value at the height
of'the AG dropping chamber was transferred to the ground by using
a constant vertical gradient of —0.3594 nGal mm~'. Moreover,
corrections were applied to the raw data, owing to three geophysical
phenomena:

(i) the observed polar motion, provided by the International Earth
Rotation Service (IERS),

(ii) the observed tides, including the effect of ocean tide loading,
and

(iii) the observed atmospheric pressure which is responsible for
a gravity variation of —0.42 uGalhPa~"'.

We apply the same corrections to the two additional AG obser-
vations of 2004 and 2007. All the AG data are shown in Fig. 1 with
their 30 formal errors.

Sato et al. (2006) showed that using the observed parameters for
the tide and air pressure corrections, instead of the default ones pro-
grammed in the processing package g provided by the manufacturer
Micro-g, clearly improves the standard error of the estimated AG
value. However, using different FG5 gravimeters can lead to gravity
values with an rms error of up to 2 nGal (Robertsson et al. 2001).
This was confirmed by comparing 13 absolute gravimeters (includ-
ing 11 FGS5) in 2003 (Francis et al. 2005): a standard deviation of
1.9 nGal was obtained. Consequently, Sato ef al. (2006) suggested
to add 2 puGal in quadrature to all the formal errors and fit the data
with the new error as a weight. They obtained a linear trend of
—2.54 0.9 uGalyr~! (Fig. 1). By applying the same extra correc-
tion to the formal errors of the 6 AG observations, we compute the
trend with the 30 formal errors as a weight in the linear least-square
fitting of the data and obtained —1.02 % 0.48 uGalyr~!, which is
about 41 per cent of the value found by Sato et al. (2006) who used
the first four observations only.

We also analyse 9 yr (2000 January 1 to 2008 December 31) of
SG data at Ny-Alesund. We apply the three geophysical corrections
listed earlier. We use a degree-3 polynomial filtering with a 48 h
window to remove the residuals of the tidal signal from the time-
series. We correct for five offsets larger than 10 pGal mostly due
to the refilling of the SG dewar with liquid helium. Finally, we
also correct the SG data for a linear drift of 1.81 uGalyr~' of

© 2011 The Authors, GJI, 184, 1119-1130
Geophysical Journal International © 2011 RAS

120z 1snbny ¢z uo 1senb Aq 8¥0529/61 L L/S/¥8 1L /a1onde/1lB/woo dnoolwspede//:sdiy woll papeojumoq



Secular gravity variation at Svalbard 1121

BKG
10 I(6.74,2.69)

EOST
= 5f (2.4,18.41) ]
(% EOST EOST
= (-2.05,4.09) (-1.66,3.66)
2 -2.5 = 0.9 uGallyr T
RS
E O | \ 4
g
3 [
>
®©
G —5F -1.02 + 0.48 uGallyr |
BKG -
(-1.56,3.86)
ECGS
-10r (2.76,5.20) b
| | | |
1998 2000 2002 2004 2006 2008
Year

Figure 1. Absolute Gravity (AG) measurements at Ny-Alesund (after subtraction of a mean value of 983 017 053.76 nGal). The slopes of the dashed (Sato
et al. 2006) and solid (this study) lines are respectively —2.5 + 0.9 and —1.02 £ 0.48 uGalyr—!. The observations were made by BKG (Bundesamt fuer
Kartographie and Geodaesie, Frankfurt, Germany), EOST (Ecole et Observatoire des Sciences de la Terre, Strasbourg, France) and ECGS (European Center

for Geodynamics and Seismology, Walferdange, G.-D. Luxembourg).
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Figure 2. Superposition of relative gravity observations with a Supercon-
ducting Gravimeter (black curve) and AG measurements (red cross) at Ny-
Alesund. The red dashed line is the AG linear trend shown as a solid black
line in Fig. 1.

instrumental origin by adjusting the SG and AG data. The corrected
SG time-series is shown in Fig. 2.

The AG measurements have been made in early 1998 Septem-
ber, late 2000 July, late 2001 and 2002 September, and early 2007
June. At those different times of the year, both the hydrologic and
periodic signals have different amplitudes. To make sure that the
secular trend deduced from the AG measurements is linear and not
affected by the date of the measurements, we have to compare the
AG values with the SG data. By correcting the SG drift to fit the
secular trend obtained from the AG measurements, we can compare
both data sets. If the linear trend deduced from the AG observations
is correct, the AG measurements must coincide with the SG data.
Otherwise, the AG data are off the SG series. The superposition of

© 2011 The Authors, GJI, 184, 1119-1130
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the AG and the SG data shows a very good agreement, confirm-
ing the linear trend that we have estimated for the gravity rate in
Ny-Alesund.

2.2 Space gravity measurements

The releases 4 and 2 of the GRACE solutions provided respec-
tively by the CSR/GFZ (Bettadpur 2007; Flechtner 2007) and GRGS
(Bruinsma et al. 2010) centres are available as the fully normalized
spherical harmonic coefficients or Stokes coefficients C?'(¢) and
S (t) of the monthly (CSR and GFZ) and 10-day (GRGS) gravity
potential V3 (9, A, a, t), which is at the surface of the Earth,

V@, a, a, t)
GM Ny 1
= =Y oo+ sroree.n], )

n=2 m=0

a

where 0 is the colatitude, X is the longitude, G is the Newtonian
constant of gravitation, M is the mass of the Earth, GM=3.986 x
10'* m*s™2, a= 6378 km is the mean equatorial radius, and Y"¢
(8, A) and Y7 (0, A) are the real cosine and sine fully normalized
spherical harmonics of degree n and order m, respectively. While
other studies consider gravity anomalies (e.g. Matsuo & Heki 2010),
we consider the gravity disturbance at a given by

N n
GM max
g0 ha )= = Y Y (n+ 1)
n=2 m=0

< [cr@yme@. )+ sroyr@.n]. @

We estimate the gravity disturbance rates, Ag®, from the variations
of g™ with respect to the appropriate static fields taken over a 6-
year period (2003 January—2009 January). We consider 72 monthly
solutions from CSR, 70 monthly solutions from GFZ and 210 10-
day solutions from GRGS, all the solutions being computed up
to the harmonic degree Ny, = 50. This is the maximum degree

/1[6/w o9 dno-olwapese//:sdyy wouy papeojumoq
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for which the GRGS provides harmonic coefficients and it corre-
sponds to a spatial resolution of ~400 km. The GRGS solutions
are stabilized during their generation process (http://bgi.grgs.fr) by
gradually constraining the coefficients of degree 2 through degree
50 to the coefficients of the static field (Bruinsma ez al. 2010). Be-
sides, we filter the monthly solutions of the CSR and GFZ centres
with a low-pass filter in the spectral domain. The low-pass filter is
a cosine taper decreasing from 1 at » = 30 to 0 at n = 50 (e.g. de

Linage et al. 2009). Finally, gravity variation Ag* is estimated with
a least-square fitting of

2
g(t) =Y [a; cos(ior) + b; sinior)] + Ag™t +c, 3)

i=1

where w =27 /T and T = 1 yr. The a;’s and b;’s give the magnitude
of the annual (i = 1) and semi-annual (i = 2) cycles, and c is the
static part of g - Ag*" is shown in Fig. 3.

The three solutions show similar geophysical signals, for they
contain large patterns over Greenland and Fennoscandia. Over
Greenland, the time-decreasing mass signal, implying negative grav-
ity rates, has already been reported in previous studies (e.g. Howat
et al. 2007; Barletta et al. 2008; Slobbe et al. 2009). Over
Fennoscandia, the post-glacial rebound due to the last deglaciation
induces the time-increasing mass signal, implying positive gravity
rates, which can also be found in previous studies (e.g. Steffen ez al.
2008; Steffen et al. 2009). A signal over Svalbard with a magnitude
smaller than —0.5 uGal yr~! can be seen in the CSR and GRGS so-
lutions while it is smaller, in absolute value, for the GFZ solutions.
To emphasize the geophysical signals that should be common to the
three solutions and decrease the magnitude of other uncorrelated
signals, we compute the mean of the three solutions (Fig. 4, top
panel). The amplitude of the signal over Svalbard remains about
—0.5 uGal yr~! (Table 1).

We now investigate the influence of the length and variability of
the solutions on the gravity trend. We compute the spatial mean of
the GRACE signals over Svalbard for each solution and the averages
of the three solutions for the two time intervals 2003 January and
2008 January and 2003 January and 2009 January. North—south
stripes affect the GRACE solutions and, to a lesser extent, the mean
of the gravity variation. To see the influence of the stripes, we make
the computation before and after applying the destriping filter of
Swenson & Wahr (2006), recently detailed by Duan et al. (2009).
We compute the standard deviation of the gravity trend for the three
solutions and for the two time intervals.

Regarding the influence of the length of the time-series, Table 1
shows that the gravity trends for the three solutions, either unde-
striped or destriped, are smaller for the 2003—2008 time interval
than for the 20032009 time interval. The differences range from
0.15 to 0.37 uGalyr~!. The averages of the undestriped and de-
striped solutions are respectively 0.28 and 0.20 nGal yr~!' smaller
between 2003 and 2008 than between 2003 and 2009. Interannual
geophysical phenomena are probably responsible for the difference
between the estimated gravity trends.

Table 1 also shows that the solutions provided by the three centres
are very different. However, the destriping process decreases the
discrepancy and gives much smaller standard deviations for the
destriped solutions.

The observation of the gravity field should be as long as possible
to determine accurately its long-term non-periodic variation. Con-
sequently, although the standard deviations for both the undestriped
and destriped are smaller for the 2003—2008 solutions, we will base
our study on the 2003-2009 destriped solutions.

=2 -15 =1 D5

sat

Figure 3. Gravity trends Ag*®, in uGalyr~!, between 2003 January and
2009 January deduced from the GRACE data. From top to bottom: CSR-
RLO04, GFZ-RL04 and GRGS-RLO0?2 solutions. The CSR and GFZ solutions
are filtered with a cosine taper in the spectral domain for the harmonic
degrees between 30 and 50.

2.3 Ground velocity measurements

In this study we use the ground velocities provided in the literature.
Noticing that a scale factor existed between the VLBI (1994-2004)
and GPS data, Sato et al. (2006) corrected the two GPS time-series
(1991-2004 and 1998-2004) and computed the average of all the
observations in the terrestrial reference frame ITRF2000. They ob-
tained an uplift rate of 5.2 + 0.6 mmyr~'. Riilke et al. (2008) pro-
vide a GPS-only Terrestrial Reference Frame (TRF), the Potsdam-
Dresden-Reprocessing TRF. In this TREF, the vertical velocities of
the two stations NYAL (1994-2005) and NYA1 (1998-2005) at
Ny-Alesund are respectively 7.3 and 7.1 mmyr~' which lead to
a mean uplift rate of 7.2 mmyr~' and a standard deviation of
0.1 mmyr~'. In ITRF 2000 this rate approximately reduces to
5.66 &= 0.3 mmyr~!, which is close to the rate obtained by Sato

© 2011 The Authors, GJI, 184, 1119-1130
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Figure 4. Top panel: mean of the gravity rates deduced from the CSR-RL04,
GFZ-RL04 and GRGS-RL02 solutions of the GRACE data. The CSR and
GFZ solutions have been previously filtered with a cosine taper in the spectral
domain between degrees 30 and 50. Middle panel: Earth gravity response
AgPA 1o the deglaciation history ICE-3G with the viscosity profile VP used
by Sato et al. (2006). Bottom panel: mean of the gravity rates deduced from
the CSR, GFZ and GRGS solutions that have been destriped and corrected
for the GIA contribution. The unit is £ Gal yr .

et al. (2006). Recently, using VLBI, GPS and DORIS data, Kierulf
et al. (2009a) derived a mean uplift rate of 8.2 & 0.9 mmyr™!
in ITRF2005. Kierulf ef al. (2009a), Kierulf et al. (2009b) show
that the geodetic observations suffer from the processing strategies.
Indeed, they obtain vertical velocities of 10.8 and 7.6 mmyr~!,
respectively, using GIPSY-PPP and GAMIT-DD solutions for the
NYA1 GPS station between 1997 and 2007. Similar results are ob-
tained for the second GPS station NYAL between 1991 and 2007.
In ITRF2000, their mean uplift reduces to 6.43 & 1.19 mmyr~!.
Whereas the dispersion of the published horizontal velocities is
less than 1 mmyr~!, the vertical velocity takes on different val-

© 2011 The Authors, GJI, 184, 1119-1130
Geophysical Journal International © 2011 RAS
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Table 1. Mean gravity trend over Svalbard for three GRACE solutions for
5-and 6-year time intervals (from 2003 to either 2008 or 2009). The asterisk
indicates that the mean is computed after applying the destriping filter of
Swenson & Wahr (2006). Two bottom lines: average and standard deviation
o of the three GRACE solutions.

2003 January to 2008 2003 January to 2009
Time interval January January
Solution Gravity trend (1Gal yr—!)

GRGS —0.99 —0.85* —0.80 —0.70*
CSR —0.85 —0.90* —0.57 —0.64*
GFZ —0.55 —0.95* —0.18 —-0.77*

Average —0.80 —0.90* —0.52 —0.70*
o 0.22 0.05* 0.31 0.07*

ues depending on the TRE, processing strategy and measurement
method. According to Tregoning & Lambeck (2010), the origin of
ITRF2000 may be closer to the centre of mass of Earth’s system than
that of ITRF2005. This would lead to a better consistency between
GPS uplift rates and GIA model predictions (Tregoning, personal
communication, 2010). That was previously mentioned by Argus
(2007). Using the errors as a weight, we compute the mean of the
three uplift rates in ITRF2000. We obtain 5.64 £ 1.57 mm yr~! with
a 3o error.

3 MODELLING OF GIA AND ELASTIC
DEFORMATION DUE TO PDIM

3.1 Modelling of ground gravity variation

Sato et al. (2006) computed the vertical displacement and gravity
variation associated to the GIA at Ny-Alesund up to the harmonic
degree 180. They considered a Maxwell Earth with the viscosity
profile VP listed in Table 2 and the deglaciation history contained
in the model ICE-3G.

The computation by Sato et al. (2006) is more accurate than
the one based on the publicly available SELEN software (Spada
& Stocchi 2007), which will be used in Section 3.2, because they
consider a time-dependent ocean function (Milne et al. 1999) as
described earlier by Okuno & Nakada (2002). With their VP they
obtained 1.88 #+ 0.7 mmyr~' and —0.31 £ 0.02 uGalyr~' for
the uplift and gravity variation respectively, the uncertainties being
estimated from three different deglaciation histories (Sato et al.
2006). We obtain a vertical velocity of 1.84 mm yr~! by running the
SELEN software. Using the value of —0.15 uGal mm~' obtained by
Wahr et al. (1995) for the ratio between the viscous gravity variation
and vertical velocity, we obtain a gravity rate of —0.28 uGal yr~'.

We now turn to the computation of the geodetic consequences
of the PDIM. First, we use two models of ice coverage. The first
is the SVAL model (Hagedoorn & Wolf 2003) in which the dis-
tribution of the 16 major ice-masses is based on the location of
the glaciers described by Hagen et al. (1993). The thinning ice
masses are approximated by co-axial elliptical cylinders that give
a simple representation of the ice-covered area and topography.
This model is used by Sato er al. (2006). The second model
is based on the Digital Chart of the World (DCW). It provides
a more realistic geographical location of the glaciers. The to-
pography is provided by the GTOPO30 digital elevation model
(http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.html). A
better location of the glaciers near Ny-Alesund is given by the
Digital Elevation Model (DEM) from the SPIRIT project (Korona
et al. 2009).
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Table 2. Viscosity profiles VP, V1 and VM2 used to compute the Earth response to deglaciation histories
ICE-3G and ICE-5G. ny and 7 are, respectively, the viscosities of the upper and lower mantles, and L is
the thickness of the lithosphere. The values of L, n, and n; for the VP, V1 and VM2 profiles can be found,
respectively, in the papers by Sato ez al. (2006), Tushingham & Peltier (1991) and Braun ef al. (2008).

Name Deglaciation model Nu (x10%! Pas) m (x1021Pa s) L (km)
VP ICE-3G 10 100
V1 ICE-3G 2 120

VM2 ICE-5G 2.6 90

Secondly, we use three ice thinning-rate models. The first model
has non-uniform thinning rates, deduced from Kohler et al. (2007)
for the Ny-Alesund area and from Dowdeswell ef al. (2008) for the
Austfonna ice cap. For all the other ice basins, we use non-uniform
thinning rates given by an average of the long-term estimates of Nuth
et al. (2010). The other two models are based on Sato et al. (2006)
who proposed two uniform thinning rates of 47 and 75 cm we yr™'.
This provides six combined models of ice coverage, topography,
and ice thinning. Their numbering is given in Table 4. Models 1 and
4 are shown in Fig. 5.

And thirdly, we compute the elastic deformation due to the
PDIM by convolving the Green functions of the earth model PREM
(Dziewonski & Anderson 1981), where we replace the global ocean
by a solid crust (Table 3), with the ice-mass variation. We apply
the spherical harmonics formalism of Farrell (1972) to compute the
Green functions.

To better predict the gravity rates at Ny-Alesund, we take the
topography of the region into account. Indeed, in the vicinity of
Ny-Alesund, Fig. 6 shows large differences between the SVAL and
DCW models for the areas located above and under the horizon of
the station. We thus use Green’s function for the Newtonian gravity
variation as defined by Merriam (1992) and Boy et al. (2002) and
applied to specific glaciers in the Alps by Mémin et al. (2009).

The results for the six combined models of ice coverage, topog-
raphy and ice thinning are listed in Table 4.

3.2 Modelling of satellite gravity variation

Using the SELEN software, we compute the Earth response to two
past-deglaciation histories, ICE-3G (Tushingham & Peltier 1991)
and ICE-5G (Peltier 2004). We consider a spherical, non-rotating,
radially stratified and incompressible earth model with a Maxwell
viscoelastic rheological constitutive relation. The sea level equa-
tion is solved assuming that the shorelines are fixed. These approx-
imations constitute a zeroth-order model (Spada & Stocchi 2007)
that can be used for GRACE-like gravity variation estimates. The
structure of the model is the following: the P-wave velocity is infi-
nite, the density and S-wave velocity are taken from PREM, and the
viscosity profiles VP, V1 and VM2 (Table 2) are radial profiles used
by Sato et al. (2006), Tushingham & Peltier (1991) and Braun et al.
(2008). VM2 is an average of the viscosity structure considered by
Peltier (2004).

At the output, SELEN provides a spatial grid for the variation of
the geoid height AN(6, A, b), which can be expanded in spherical
harmonics:

Nmax n
ANO. 2, by =Y S [ANICYI 0. 1) + AN Y0, 1)),
n=0 m=0
“
where b = 6371 km is the radius of the earth model. To keep

consistency with the GRACE solutions, we take N.x = 50. We
have

Figure 5. Models of combined non-uniform ice-thinning rate and ice-

coverage extension from the Digital Chart of the World (top panel) and

from the SVAL model (bottom panel). The unit is m we yr~".

NG
AN@. 3 by = 262D
8o
Nmax n
= b ) Y [AVRIO. D+ AV O, 1),
n=0 m=0 (5)
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Table 3. Density, seismic wave velocities ¥}, and Vy and quality factors
0, and Q, of the crust that replaces the ocean layer in the PREM model of
Dziewonski & Anderson (1981).

Density (kgm~3) V, (ms™h) Vy (ms™!) O, O,

2600 5800 3200 600 57823

where AVSA (9, A, b) is the variation of the gravity potential
induced by the GIA at b and AV and AV are its spherical
harmonic coefficients. g is the gravity at the surface of the earth
model. The gravity variation at a, AgS™ (6, A, a), can then be
recovered from

GMNmax n b n
AgSA@G, A, a) = — Z Z(n +1) (5)

n=2 m=0

6
X [AVCY6, 0) + AV, Y6, 4)] ©
Nmax n n—1
GM b
= F (g
n=2 m=0 7)
X [ANY0, 1) + AN Y0, 4)] {
N
L] 500
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to which the cosine taper filter described in Section 2.2 is then
applied.

The gravity variation associated to the deglaciation history ICE-
3G and viscosity profile VP is shown in Fig. 4 (middle panel).
The bottom chart in Fig. 4 shows the destriped residual signal of
the mean of the three GRACE solutions corrected for the GIA
contribution. Comparison with the top chart of Fig. 4, which
shows the uncorrected mean GRACE signal, reveals that the mass-
loss pattern over Svalbard is enhanced after correction for the
GIA.

In Table 5, we list the residual signals for the GRACE solutions
and their mean corrected for three GIA models, that is three couples
deglaciation history—viscosity profile in the mantle, after applica-
tion of the destriping filter of Swenson & Wahr (2006). The residual
for the mean GRACE solution is lower than —0.97 uGal yr~! over
Svalbard and the standard deviation is 0.11 ;Gal yr~!. In Section 4,
we will estimate the volume of current ice loss separately from
space and ground gravity measurements. To compare the two es-
timates, we will use the same GIA correction, which is obtained
by combining the deglaciation history ICE-3G and viscosity profile
VP.

oAb

TR

T W=

1000 1500

Figure 6. Topography of the DCW-derived (top panel) and SVAL models (bottom panel) split between ice areas above (left panel) and under (right panel) the

horizon of Ny-Alesund (red star). The unit is m.
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Table 4. Modelled vertical velocity u (in mmyr~"), gravity rate g (in 1Galyr—') due to the elastic deformation, and gravity rates gy and g, due to the
Newtonian attraction of the load respectively with and without topography taken into account. The ratios of gravity rates and vertical velocity are in uGal mm~!.
The thinning rate in brackets is spatially variable.

Ice coverage/topography Thinning rate (myr~') u e Znt 2n (ge + gnt)/u (ge + gn)/u
1 - DCW/GTOPO30 [-0.7, —0.3] 1.51 —0.35 0.26 —0.06 —0.06 —0.27
2 -DCW/GTOPO30 —0.47 1.76 —0.39 0.24 —0.07 —0.09 —0.26
3 - DCW/GTOPO30 —0.75 2.80 —0.63 0.38 —0.09 —0.09 —0.26
4 - SVAL/SVAL [-0.7, —0.3] 1.27 —0.28 —0.01 —0.05 —0.23 —0.26
5—SVAL/SVAL —0.47 2.03 —0.46 —0.02 —0.06 —0.24 —0.26
6 — SVAL/SVAL —0.75 3.22 —0.73 —0.03 —0.10 —0.24 —0.26

Table 5. Mean residual signal (in zGal yr~!) over Svalbard of the destriped
GRACE-derived gravity variation between 2003 January and 2009 January
corrected for three combined deglaciation history-viscosity profile (Table 2).

ICE-3G + V1 ICE-3G + VP ICE-5G + VM2 o
GRGS -0.97 -1.16 —1.15 0.11
CSR —0.91 —1.10 —1.09 0.11
GFZ —1.04 —-1.24 —1.23 0.11
Mean —0.97 —1.17 —1.16 0.11

The gravity variation due to the PDIM is modelled with
0.25° x 0.25° grids of ice-thickness variations such that the in-
tegrated volumes of ice loss are approximately the same as the
models 4 (13 km® yr™!), 5 (15 km3 yr~!) and 6 (25 km? yr™!) listed
in Table 4. An example of a grid is given on the left panel of Fig. 7.
We expand the grids into series of spherical harmonics for which the
coefficients are Ao’"° and Ao and compute the gravity variation
induced by the different ice-thinning rates according to

Nmax n

AGPM@©, 1, b) = 4nG YD

n=2 m=0

x [Acmeyme(,2) + Acrsvms @, 1)], @)

n+1
2n+1

(1+£)

where k), is the load Love number of degree n for the gravity po-
tential. The cosine taper filter is also applied. As an example, the
gravity variation due to the PDIM for model 4 is shown in Fig. 7
(right panel). The gravity rate is smaller than —1 uGal yr~!, which

en B 10E wE we WE HE

T H

RN

A7 -0 45 L 04 03

is larger in absolute value than the gravity variation accompanying
the GIA. As the gravity variations due to the GIA and PDIM are
of opposite signs, the removal of the GIA signal from the GRACE
solution enhances the remaining signal. Consequently, it really mat-
ters to accurately compute the GIA before correcting the GRACE
data.

4 COMPARISON BETWEEN THEORY
AND OBSERVATION

4.1 Ground measurements

Fig. 8 is a synthesis of all the computations made earlier. It shows
the gravity variation as a function of the secular vertical velocity.
The slope of the black solid line passing trough the origin is
—0.15 #Gal mm~!, which is the theoretical ratio between the gravity
variation and vertical displacement for a viscoelastic deformation
(Wabhr et al. 1995). From the point on this solid line that corresponds
to the viscoelastic deformation computed by using the model ICE-
3G + VP (Section 3.1), we draw the black dashed line with a slope
of —0.26 nGalmm™', which is the theoretical ratio between the
gravity variation and vertical displacement for the elastic deforma-
tion generated by a surface loading over a spherical Earth model
(de Linage et al. 2007). The gravity variation includes the direct
Newtonian attraction of the load and the effect owing to the elastic
deformation. In the specific case where the topography is neglected,

.

2 45 4 45 0 05 1 15 2

Figure 7. Left panel: Model 4 of ice thinning given in Table 4. Right panel: gravity variation Ag"®™ due to the PDIM for the non-uniform thinning rate. The

—1

units are respectively m we yr~! and pGalyr—!.
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Figure 8. Observed and computed gravity rate as a function of the uplift rate.
The solid black line gives the GIA computed by Wahr ez al. (1995). Its slope
is approximately —0.15 xGalmm™!. The dashed black line corresponds
to the theoretical gravity-to-displacement ratio for the elastic deformations
computed by de Linage et al. (2007). Its slope is —0.26 uGalmm~!. The
computations listed in Table 4, to which GIA contribution is added, are
represented by the different items combined with colours listed in the legend
of the figure. The red and green lines respectively correspond to the ratio
deduced for models 2, 3 and 5, 6 listed in Table 4 taking the topography
into account. Error bars are that due to GIA modelling (Section 3.1). The
rectangle gives the limits of the errors associated to the observations.

the black dashed line is the sum of the GIA and PDIM effects
(Mémin et al. 2010).

The SVAL rates are given by the green (with topography) and
black (without topography) items. The rates of the DCW-derived
models are the red (with topography) and blue (without topography)
items. The squares and diamonds respectively correspond to the
thinning rates of 47 and 75 cm we yr~!. The circles are for a non-
uniform thinning rate ranging from 30 to 70 cm we yr~!. The red
and green lines respectively correspond to the ratio deduced for
models 2, 3 and 5, 6 listed in Table 4, taking the topography into
account. They show how the topography provided by the SVAL and
DCW models influences the gravity rate. The SVAL model has a
smoother topography than the DCW model, which explains why the
green line is closer than the red line to the black dashed line.

The green circle with a black contour and the dotted-dash rect-
angle represent the observations with their error bars. The vertical
velocity (5.64 + 1.57 mmyr~') was obtained in Section 2.3. The
gravity rate (—1.02 & 0.48 uGal yr~!) was obtained in Section 2.1.

The best agreement between theory and observation is obtained
for the modelling based on the SVAL model with a PDIM rate
corresponding to a volume change of ~25 km3 weyr™' (75 cm
we yr~!) and the GIA computed with the ICE-3G + VP model.

4.2 GRACE data

Table 6 provides the residuals Ag®™ — AgS™h — AgPP™ where
Ag*" is the gravity variation deduced from the mean of the GRGS,
CSR and GFZ solutions (Section 2.2), Ag®' is the GIA contribution
for the ice-mass change history ICE-3G and viscosity profile VP
(Table 2) and AgPP™ is the PDIM contribution for models 4 (Fig. 7),
5 or 6 (Table 4). The residuals are computed as in Section 2.2. In
Fig. 9, we show the residuals after applying the destriping filter.

© 2011 The Authors, GJI, 184, 1119-1130
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Table 6. Mean residual signal (in Gal yr—!) over Svalbard of the destriped
GRACE-derived gravity variation between 2003 January and 2009 January
corrected for the deglaciation history ICE-3G, viscosity profile VP and
PDIM models 4, 5 and 6 (Table 4).

4 5 6
GRGS —0.18 0.02 0.73
CSR —0.12 0.08 0.78
GFzZ —0.25 —0.05 0.65
Mean —0.18 0.03 0.72

Figure 9. Mean gravity rates deduced from the CSR-RL04, GFZ-RL04
and GRGS-RLO02 solutions destriped and corrected for the GIA and PDIM
contributions. The CSR and GFZ solutions have been previously filtered
with a cosine taper in the spectral domain between degrees 30 and 50.
From top to bottom, the PDIM rates are respectively non-uniform, —47 and
—75 cm weyr~!. The unit is uGal yr—!.
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The PDIM models 4 and 5 combined with the GIA model provide
residuals that are respectively —0.19 and 0.02 ©Gal yr~!, the PDIM
model 6 and the GIA model give residuals that are larger than
0.65 1Gal yr~!. For the time span 2003 January to 2009 January, the
GRACE data provide a total volume of ice melting of approximately
15 km? we yr~!. Given the volume involved in a PDIM model and
the residuals, we can estimate the volume of ice loss needed to fit the
gravity variation averaged from the GRGS, CSR and GFZ solutions.
We obtain 15.5 £ 2.4 km® we yr~!. That volume loss is closer to
the 8.8 + 3 km3 weyr~! estimated by Wouters et al. (2008) for
the period 2003 February to 2008 January than the 75 km® we yr™!
proposed by Chen et al. (2006b) for the period 2002 April to 2005
November.

The destriping filter may affect the estimated volume of ice loss.
A similar analysis for the undestriped GRACE solutions leads to an
ice loss of 9.1 & 4.2 km3 we yr~!.

5 DISCUSSION

As shown in Section 4, the ground observations of gravity variation
and vertical displacement are explained by a PDIM of 25 km?
weyr~!, whereas the GRACE-derived gravity variations provide
a PDIM comprised between, roughly, 5 and 18 km?® weyr~!, the
upper limit being reached by the destriped solutions. This rather
large interval includes estimates of ice loss by glaciology studies
(Table 7).

Indeed, Nuth ef al. (2010) obtained a total ice loss of 9.7 +
0.55 km® weyr~! over 27000 km? by comparing altimetry from
ICESat (2003-2007) to digital elevation models of 1965 and 1990.
Dowdeswell et al. (2008) proposed a volume decrease comprised be-
tween —2.5 and —4.5 km® we yr~! for the Austfonna ice cap, which
represents 8000 km? of ice coverage. Using elevation measurements
(GNSS surface profiles, airborne and ICESat laser altimetry) for the
period 2002-2008, Moholdt et al. (2010a) proposed for Austfonna
an ice melting of 1.3 & 0.5 km? we yr~!. Therefore, the total vol-
ume loss is comprised between 11 and 14.2 km* we yr~!. Moholdt
et al. (2010b) obtained from the analysis of ICESat laser altimetry
data over the time interval 2003-2008 a total loss of 4.3 & 1.4 km?
we yr~!, excluding calving front retreat or advance.

Ground gravimeters are very sensitive to the location of the
changing ice mass and, consequently, to the local effects. The ice-
thinning rate of 75 cm weyr~! for the SVAL model is a simple
model; a more realistic model such as the DCW model with an
ice-thinning rate dependent on the altitude should be considered
to improve the estimate of the gravity rate. Actually, the thinning
rate is larger in the lowest parts of the glaciers (e.g. Kohler et al.

2007; Kégb 2008; Nuth et al. 2010). Moreover, the mass distribu-
tion of numerous surge-type glaciers in Svalbard changes in a very
short time. Recently, Sund ez al. (2009) reported that the Comfort-
lessbreen glacier, located south of Ny-Alesund, started to surge in
2006. Such a process may influence the gravity rate observed at
Ny-Alesund, especially if it is located in the neighbourhood of the
station. Contrary to the ground measurements, space gravimetric
methods such as GRACE measurements are sensitive to the total
mass loss and are not affected by local phenomena. The difference
of sensitivity is likely responsible for the discrepancy between the
volumes of'ice loss deduced from GRACE and ground observations.
Another ice-thinning distribution that, when integrated, would give
the same ice mass loss as GRACE data could provide vertical ve-
locity and gravity rate similar to the ground observations.

6 CONCLUSIONS

We have added two new AG measurements to the previous four
observations made at Ny-Alesund and obtained a new ground-
observed gravity rate of —1.02 £ 0.48 puGalyr™', in agreement
with the continuous SG series. Using the GRACE solutions pro-
vided by the CSR, GFZ and GRGS groups for the period 2003 Jan-
uary to 2009 January, we have derived the space gravity rate over
Svalbard and Northern Europe. After filtering the CSR and GFZ
solutions with a low-pass filter and showing similarities with the
GRGS solutions, we have computed the mean of the destriped CSR,
GFZ and GRGS solutions and obtained a gravity rate of —0.70 +
0.07 uGalyr~! over Svalbard. The rate is somewhat lower (in ab-
solute value) if we do not remove the stripes from the solutions: it
is —0.52 £ 0.31 uGalyr~.

We have used the ICE-3G deglaciation history (Tushingham &
Peltier 1991) combined with the viscosity profile used by Sato
et al. (2006) to model the viscous response of the Earth to the
last deglaciation. At this stage, the mean of the GRACE solutions
corrected for the GIA contribution shows, over Svalbard, a negative
gravity rate, which emphasizes the present ice mass loss: —1.17 &
0.18 uGal yr~! for the destriped solutions, —0.99 % 0.46 uGal yr™!
if the stripes are not removed.

Next, we have computed the elastic response of the Earth to the
PDIM. We have considered six models of PDIM by combining
two models of ice-thinning extension (SVAL and modified DCW)
and three melting rates (spatially non-uniform, —47 cm weyr—!,
—75 cm we yr~!). The modelled GIA has been added to the elastic
deformation due to the PDIM to compare the theoretical and ob-
served geodetic parameters—the gravity variation given above and
ground vertical velocity reported by Sato et al. (2006), Riilke et al.

Table 7. Summary of estimates of ice loss in Svalbard from various studies. The asterisk indicates that
the destriping filter of Swenson & Wahr (2006) has been applied to the GRACE solutions.

Data Reference Time interval Volume loss (km? yr=1)
GRACE Chen et al. (2006b) 04.2002 to 11.2005 =75
Wouters et al. (2008) 02.2003 to 01.2008 —88+3
This study 01.2003 to 01.2009 —9.1+42
This study* 01.2003 to 01.2009 —155+24
AG and SG This study 1998-2007 -25
ICESat and DEM Nuth et al. (2010) 1965/1990 to 2003/2007 —132+1.55
Dowdeswell ef al. (2008) 19662006
ICESat and DEM Nuth et al. (2010) 1965/1990 to 2003/2007 —11£1.05
ICESat Moholdt et al. (2010a) 2002-2008
ICESat Moholdt et al. (2010b) 2003-2008 —43+14
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(2008) and Kierulf et al. (2009a). The best agreement is obtained
with the model of PDIM made up of the SVAL model and an ice
melting rate of 75 cm we yr~!, which gives an annual loss of ice of
25 km? we. However, this does not agree with the smaller melting
rate (from 5 to 18 km® weyr™") derived from the GRACE solu-
tions. Glaciology studies (Dowdeswell ez al. 2008; Nuth ez al. 2010;
Moholdt et al. 2010a; Moholdt et al. 2010b) favour a volume of ice
loss between 4 and 14.2 km® weyr~!, which is similar to the in-
terval obtained from the GRACE data. A part of the discrepancy
between the ice losses derived from ground and space observations
can probably be reduced by taking into account the topography
of the glaciers and the altitude dependency of ice melting in the
modelling of PDIM.
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